A computer-aided analysis system has been developed in this study to simulate the formation, ejection, and impact of liquid droplet in a piezoelectric inkjet printing device. The effects of voltage pulse of the piezoelectric actuator and surface tension of the liquid on the droplet ejection phenomena are evaluated by the simulation system. The droplet ejection is a fluid flow phenomenon, which involves two phases (liquid and gas) and free surface evolution of the liquid. The computer simulation system is based on a SOLA (Solution Algorithm) scheme coupled with VOF (Volume of Fluid)/PLIC (Piecewise-Linear Interface Construction) and CSF (Continuum Surface Force) models. To simplify the simulated system, only the nozzle region of the inkjet printing device is considered. The behavior of the piezoelectric diaphragm is imposed on the simulation system by a moving boundary, which is determined by the velocity profile corresponding to the driving voltage. The effects of the surface tension of the liquid are evaluated by the CSF model. The results show that comprehensive images of the inkjet dynamics, which include the evolution of the droplet; from formation, ejection to impact, can be revealed by the simulations. The effects of surface tension of the liquid on the size and flying velocity of the droplet as well as the formation of the satellite droplets can also be evaluated by the simulation system.
Introduction
The developments of manufacturing technologies are being driven by the needs of automation, miniaturization, reductions in costs and environmental impact. To comply with these needs, inkjet printing technology is becoming an increasingly attractive alternative for the distribution and patterning of material in a wide variety of applications. Other than its application in computer printer, the prospects of adopting inkjet printing technology in various high-tech processes are very promising.
Inkjet printing technology also has very high potential in the applications of flat panel displays. 1) Organic lightemitting diode (OLED) is one of the most promising technologies. However, due to the restriction in the selection of solutions, it is usually fabricated by thin film deposition with evaporation process and subsequent patterning through lithography. The processes along with the required masks are very complicated and expensive. Tremendous benefits can be obtained if arrays of organic light emitting materials can be deposited directly by inkjet printing methods. The current practice for polymer light emitting diodes (PLED) is by deposition through spin coating. However, it is restricted in the fabrication of single color. With the application of inkjet printing technology, it is possible to deposit tiny pixels of red, green and blue elements to fabricate the color filters. Comparing with the spin coating process, inkjet printing technology has the benefits of high resolution, low cost, simpler process, high utility rate of materials, and capability for the production of large panels.
Other than the advantages of high degree of automation, high utility rate of materials, simpler process, cost reduction, and environmental friendliness, inkjet printing technology also provides a unique process in micro-lithography and fabrication of micro-lenses array as well as complex threedimensional structures. 2) A variety of actuation methods have been adopted to eject liquid droplets. They include the piezoelectric, thermal bubble, electro-static, acoustic methods.
3) Among these methods, the actuations by piezoelectric and thermal bubble devices are most mature and popular for the commercial inkjet printer. The ejection of liquid droplets from the nozzle is induced either by the displacement of a piezoelectric diaphragm that is coupled to the fluid or by the formation of a vapor bubble in the ink through the heating of a resistive film as shown in Fig. 1 . For piezoelectric inkjet printing, it has no needs to vaporize the fluid. Thus, it can be used in ejection and dispensing of polymer and liquid metals. The adoption of the piezoelectric inkjet printing technology in the manufacturing of the electronics industry is then very much desired. The printing quality is known to be closely related to that of the ejected droplet. Therefore, it is very desirable to have the insights on how the liquid droplet is formed, ejected, and impacted on the substrate in a piezoelectric inkjet printing device. With the understanding of these phenomena, it is then possible to control droplet size, improve droplet consistency, and eliminate satellite droplets through proper design of the device and selection of fluids with proper physical properties.
From the literature survey, it is found that the studies of the inkjet printing can be distinguished into two categories. One is to study how droplet is formed. The other is to study how droplet is impinged onto the substrate. For the study of droplet formation in inkjet printing, numerical simulations had been employed by a number of researchers. Bogy et al. 4) had developed a one-dimensional model to calculate the transient solution for the shape change and velocity profile in a semi-infinite liquid column, where the cross sections are uniform and length is prescribed, under the effects of periodic micro-perturbation of velocity at the nozzle. The simulation for shape evolution of ejected droplets with the actuation through a driving pressure, which is a square wave function of time, at the outlet of the nozzle was also reported by Fromm.
5) The vorticity-stream function form of the NavierStokes equations in axisymmetric coordinates was solved using a finite-difference scheme in a Lagrangian computational mesh. Asai 6) employed a three-dimensional finite difference algorithm based on the VOF method to solve Navier-Stokes equation and predicted the drop ejection in a bubble jet printer. Liou et al. 7) applied a fluid dynamics simulation system; named COMET, to predict the meniscus position with time inside a SEAJet inkjet printhead during the infusion and ejection stages. These previous studies were to simulate the formation of a droplet by either bubbling or electro-static method. There has been no study on the simulation for the formation of a droplet with the actuation of piezoelectric-push mode, which is what this study is intended for.
For the study of droplet impaction on the substrate, numerical simulations were also employed by a number of researchers. Fukai et al. 8) showed that the wettability of the substrate upon which the droplet impinges was found to affect significantly all phases of the spreading process and the spreading radius was directly proportional to the droplet impact velocity. The contact angles, which were determined experimentally, were used as inputs to the numerical model. The collision dynamics of a water droplet impinging on a substrate at room temperature had been described from numerical point of view by Hatta et al. 9) They concluded that the deformation process of a liquid droplet on a solid surface cannot be determined using only the Weber and Reynolds numbers. Rather, other parameters such as initial kinetics of the droplet and the conditions of the substrate have to be considered. Pasandideh-Fard et al. 10) used both experimental and numerical approaches to model droplet deformation and studied the influence of surface tension on the impact dynamics of a water droplet falling onto a flat stainless steel surface. The results showed that as surface tension of the droplet decreased, spreading radius became smaller and recoil height became shorter. These previous studies had been to deal with the situation, where the initial condition of the droplet is stationary and the droplet fall onto the substrate by the effect of gravity. However, for inkjet printing process, there is an initial velocity associated with the droplet when it is ejected from the nozzle. Therefore, the issue of initial velocity of the droplet needs to be taken into consideration, which is one of the key issues treated in this study.
From the surveyed literatures, very few studies have been found to simulate the whole inkjet printing process, which includes the formation, ejection, and impact of liquid droplet on the substrate. Thus, the purpose of this study is to develop a computer-aided analysis system to simulate the formation, ejection, and impact of liquid droplet on the substrate for a piezoelectric inkjet printing device. It is anticipated that comprehensive images of the inkjet dynamics, which include the evolution of the droplet; from formation, ejection to impact, can be revealed by the simulations. The effects of surface tension of the liquid on the size and flying velocity of the droplet as well as the formation of the satellite droplets can also be evaluated by the simulation system.
Mathematical Method

Description of the physical system
In order to understand the inkjet printing phenomena, a schematic diagram of a piezoelectric inkjet printhead is shown in Fig. 1 . The inkjet printhead has a partially tapered nozzle, a liquid chamber and a piezoelectric (PZT) ceramic bound on a diaphragm. When a high voltage electric signal is applied, the PZT deflects and exerts a high pressure on the liquid in the chamber. That pressure forces the liquid to move out from both the nozzle and the feeding channel. As the liquid is flowing, the pressure releases gradually and the PZT device deforms further. As soon as the applied voltage is turned off, the PZT device springs back and sucks the liquid back from the nozzle and the feeding channel. The characteristics of the ejected droplet are significantly affected by the ink properties, voltage pulse conditions, deflection of diaphragm, and induced ink motion in the nozzle. 11) As described above, the inkjet is a complicated free surface flow of immiscible fluids with surface tension on the interface and adhesion between droplet and impinging substrate. Its behavior also is influenced by the applied voltage and properties of PZT. The mathematical model should then be capable of dealing with the free surface flow, tracking the interface location, imposing the effects of surface tension and wall adhesion, and handling the complicated boundary conditions. In this study, a numerical approach comprising of the Volume-of-Fluid (VOF) 12) method for tracking the interface location and the Continuum Surface Force (CSF) 13) method for modeling the effects of surface tension is employed.
Governing differential equations
The dye-based inks used in some inkjet printing are dilute polymer solution in water. However, their viscosity is a weak function of shear rate and consequently can be approximated by a Newtonian (constant viscosity) fluid. Like most liquids these inks are also incompressible.
With the characteristics given above, the Navier-Stokes equations of momentum can be written as:
where (kgÁM À3 ) is density; (PaÁs) is viscosity; P (Pa) is pressure; u and v (mÁs À1 ) are velocity components in x-and ydirections; F bx and F by (N) are body force components in xand y-directions; g x and g y (mÁs À2 ) are the acceleration components due to gravity in x-and y-directions.
The continuity equation (conservation of mass) for incompressible flow is:
2.3 Treatments for the free surface flow Three crucial problems in modeling free surface flow are how to estimate the free surface location, monitor the evolution of the fluid domain and handle the free surface boundary conditions. In this study, a Volume-of-Fluid (VOF) interface tracking method is adapted to represent the fluid domain and to track the evolution of its free boundaries.
A field variable, which is usually called F, is designated to each element to indicate the volume fraction of liquid in each computational cell in VOF method. When F is equal to 1.0, it means the cell is full of liquid. When F is equal to 0.0, it means the cell is full of gas (or empty of liquid). When F is between 0.0 and 1.0, the element contains both liquid and gas and an interface is then allocated in that particular cell. From the law of mass conservation, the volume fraction of fluid; F, is governed by the following equation:
However, if this equation is solved by using regular finite difference schemes, F is soon smeared due to numerical diffusion and interfaces are no longer sharp. Furthermore, liquid volume may not be conserved exactly. A special, nondiffusive, often geometry-based technique is then necessary for the advection of F in a way that the sharpness of the phase interface is kept. A Piecewise-Linear Interface Construction (PLIC) method is then coupled with the VOF method in this study. It approximates the interface by a straight line within each computational cell. The details of the methods can be found in References. 14, 15) The numerical scheme consists of the following three steps:
Step 1: Reconstruct interface with straight lines.
Step 2: Solve for the velocity field.
Step 3: Update F. For updating F, a modified scheme of Lagrangian propagation described by Rider and Kothe 16) is employed. After step 2, the flow field (u Ã , v Ã ) at the new time t Ã ; t þ Át, is known. At each cell face with a velocity of u Ã or v Ã , a layer of fluid, the thickness of which is approximately equal to u Ã Át or v Ã Át, is advected from the upstream to the downstream cell during the time interval [t, t Ã ]. The advected liquid area in this layer; A adv , is determined geometrically by using the reconstructed interface of the old time t (Step 1). For each cell, three contributions are calculated. ð À Þ i;j and ð þ Þ i;j represent the volume fluxes, which enter the (i À 1; j) and (i þ 1; j) cells, respectively, from the (i; j) cell and ð 0 Þ i;j is the remained fluid volume in the (i; j) cell. If the fluid is flowing out of the cell through the right boundary then ð þ Þ i;j is larger than 0 and ð À Þ iþ1;j is equal to 0. If fluid flows through the left boundary, then ð À Þ i;j is larger than 0 and ð þ Þ iÀ1;j is equal to 0. The three volumes are the regions under the advected line interfaces, which cut the (i; j) cell as shown in Fig. 2 . The updated volume fraction in each cell after the fractional step along the x direction is then given by
Then, the overall fractional-step requires two reconstructions of the interface and an advection step along each one of the two coordinate directions.
Implementation of surface tension
For the fluid flow problems of droplet formation/ejection, surface tension is the dominant force at the interface. In order to take the effects of surface tension into consideration, special boundary conditions must be applied to the NavierStokes equations at the interfaces. However, this approach suffers from the difficulties in modeling topologically complex interfaces having surface tension. Brackbill et al. 13) developed a very different approach to deal with the issue of surface force. It is called the CSF (Continuum Surface Force) method. CSF method converts the interfacial surface force into a corresponding volume force, which can then be included in the Navier-Stokes equations. The volume force, nonzero only within free surface, is given bỹ
whereF F SV (N) is the volume force, (NÁm À1 ) is the surface tension of the fluid-gas interface, (m À1 ) is the local free surface curvature. With the volume forceF F SV , surface tension effects at free surfaces are modeled as a body force in the momentum transport eq. (1) and (2).
Wall adhesion
When the droplet hits on the solid substrate wall, wall adhesion is the surface force acting on fluid surface at points of contact with ''walls''. With the model proposed by Brackbill et al., 13) the effects of wall adhesion at fluid interfaces in contact with rigid boundaries in equilibrium can be estimated easily within the framework of the CSF model. Rather than imposing boundary condition at the wall itself, the contact angle that the fluid is assumed to make with the wall is used to adjust the surface normal in cell near the wall. If w is the contact angle at the wall, then the surface normal at the cell next to wall is
segment after advection segment before advection cell boundaries (i+1,j) (i,j) Fig. 2 Geometrical calculation of the volume fluxes during one fractional step.
ñ n ¼ñ n w cos w þt t w sin w ð8Þ
whereñ n w andt t w are the unit vectors normal and tangential to the wall, respectively.
Results and Discussions
The inkjet printing is a very complicated process with the coupling of piezoelectricity, elasticity and free surface flow. In order to simplify the problem and focus on the process of droplet ejection, an inkjet printhead with partially tapered nozzle as shown schematically in Fig. 3 is considered as the simulation system. When a high voltage electric signal is applied, the PZT device bends, gives high pressure on the ink chamber and squirt the ink droplet out of the nozzle. A moving boundary method is used to simulate the displacement of PZT diaphragm in this study. The equivalent velocity profile at the bottom of the nozzle after a voltage pulse is applied, which is taken from an experimental study, 17) is shown in Fig. 4 . There are four stages for one cycle. In the first stage, the velocity rises instantaneously up to 250 cm/s and keeps constant for 15 ms. In the second stage, the velocity falls down directly to zero and keeps for 10 ms. A negative velocity; À250 cm/s, is induced and kept constant for 15 ms in the third stages. Finally, the velocity becomes zero until the end of the cycle. A total period of 200 ms is computed to show the formation of droplet and its impact on the target. For numerical simulations, the simulated system is divided into a 82 Â 282 mesh system. The material properties employed in the simulations are listed in Table 1 VPZT (cm/s) Fig. 4 The equivalent velocity profile at the bottom of the nozzle. Table 1 The material properties employed in the simulations. surface tension is not obvious in this stage. At the second instant of 20 ms, which lies within the second stage, necking of the ejected liquid occurs at the tip of the nozzle as shown in Fig. 6 . It can be understood through fluid dynamics. Since the liquid keeps moving forward, however, the supply of ink liquid from nozzle is stopped. In order to keep balance between liquid and nozzle, necking occurs. At the third instant of 30 ms, which lies within the third stage, the droplet with round head and slender tail is formed as shown in Fig. 7 . The head of the droplet becomes larger as surface tension of the liquid increases. The main droplet detaches completely from the nozzle and satellite droplets are formed at the instant of 60 ms, which lies within the fourth stage of the actuation period, as shown in Fig. 8 . It can be seen that the droplet with smaller surface tension has longer tail and moves faster. It can also be noted from Fig. 8(c) that a smaller head grows at the tail of the main droplet and it accelerates to catch up with the front head by the action of surface tension. The sloshing of liquid in the nozzle is also found.
A liquid with higher surface tension can damp out the sloshing more quickly as shown in Fig. 9 . It should be noted that the impact velocity of the droplet on the target and the impact time vary with different surface tensions of the liquid as shown in Fig. 9 . With the surface tension of 0.03 N/m, the front of the droplet strikes on the target with a velocity of 887 cm/s at 100-110 ms. With the surface tension of 0.07 N/ m, the front of the droplet strikes on the target with a velocity of 600 cm/s at about 120 ms. When the surface tension of the liquid is 0.12 N/m, the droplet arrives at the target at about 140 ms with a velocity of 521 cm/s. Due to the adhesion between liquid and wall, the liquid spreads out as the droplet impacts on the target as shown in Fig. 10 . As shown in Fig.  10 (a), liquid with smaller surface tension seems to produce more satellite droplets during the ejection process. It can be reasoned that the liquid is dominated by the inertial momentum and not enough surface tension force is holding the droplet together under this circumstance.
Summary
A computer-aided analysis system has been developed in this study to simulate the formation, ejection, and impact of liquid droplet in a piezoelectric inkjet printing device. The computer simulation system is based on a SOLA method, which is essentially a finite difference scheme, coupled with VOF/PLIC and CSF models. The behavior of the piezoelectric diaphragm is imposed on the simulation system by a moving boundary, which is determined by the velocity profile corresponding to the driving voltage. The VOF and PLIC models are employed to treat the free surface evolution of the liquid, which is an important characteristics of the droplet The results show that a comprehensive image of the inkjet dynamics, which includes the evolution of the droplet; from formation, ejection to impact, can be revealed by the simulations. The effect of surface tension is not obvious in the first stage when the voltage is applied and the ink liquid is just push out of the nozzle. In the second stage, liquid keeps moving forward without further supply of ink liquid from the nozzle. In order to keep balance between liquid and nozzle, necking occurs. In the third stage, droplet with round head and slender tail is formed. The head of the droplet grows larger as surface tension of the liquid increases. In the fourth stage, the main droplet detaches completely from the nozzle and satellite droplets are formed. It can be seen that the droplet with smaller surface tension has longer tail and moves faster. The impact velocity of the droplet on the target is higher and the impact time is shorter as the surface tension of the liquid drops. Liquid with smaller surface tension tends to produce more satellite droplets during the ejection process as the liquid is dominated by the inertial momentum and not enough surface tension force is holding the droplet together.
